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TEMPERATURE~-CONTROL STUDY OF TURBINE REGION OF
TURBOJET ENGINE, INCLUDING TURBINE-BIADE TIME
CONSTARTS AND STARTING CHARACTERISTICS

By W. E. Phillips, dJr.

SUMMARY

An investigation was made of s turbojet engine In an altitude test
facility to supplement existing data relevant to gas-temperature control
in & turbojet engine. The problems associsted with gas-temperature con-
trol for minimizing turbine-blade demage are considered in this report.

Steady-state temperature distribubtions, including the turbine-blade
temperatures, were investigated at rated engine speed for a range of al-
titudes and flight speeds. The tail-pipe gas temperature was found to
be most indicative of the turbine-blade temperabture over a range of oper-
ation. For all conditions considered, the tail-pipe ges tempersture was
between 180° and 210° F lower than the maximum turbine-blade temperature.

The dynamic responses of the turbine-blade tempersatures to the tail-
plpe gas temperature at actual rated engine speed were evalusted over a
range of altitudes. For all conditioms, the dynamlc responses were found
to be essentially first-order lags. For this reasson, the blade-temperature
dynamic response may be represented by a characteristic time comstant.
These blade time comstants vary with position on the blade, the leading
edge having the shortest time constant, the trailling edge slightly longer,
and the midchord time constant longer than the leading-edge time constant
by a factor of two.

The time constants for the trailing edge and midchord portions of the
turbine blade were calcula.ted and showed good agreement with the experi-
mental results.

The time constents increased wilth an increase in altitude, and this
varistion correlated very well with a theoretical calculated variation.
The calculated variation indicated that the bla.d.e time constants varied
inversely as 0.8 power of engine sair flow.
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Data were teken in the region fram start to idle in order to deter-
mine the acceleration characteristics of the engine as a function of A
tall-pipe gas temperature. At each engine speed during the transient
from start to idle, a definite maximum acceleration cbtainable was
found. Over the majority of the speed range from start to i1dle, this
maximum occurred at a tail-pipe gas temperature of less than 1400° F.

INTRODUCTION

G68¢

The object of this report is to discuss and supplement existing
data relevant to the problem of gas-temperature control within a turbo-
Jet engine. Two opersting reglons of the englne where blade failures
are most prevalent are considered. These regions are the rated-power
regions where stress-rupture fallures are prevalent, and the starting
regions where thermal-stress failures may occur because of adverse tem-
perature patterns through the blades. '

In the rated-power region of operation, current practice is to use
the tail-pipe gas temperature as the gas-temperature control signal. .
Limits determined from engine-damsge recoxrds for the particular engine
are imposed on the gas temperature to prevent damage to the turbine
blades. The difference between tall-pipe gas temperature and turbine- o
blade temperature varles, however, with operating eonditions, and this
deviation may impose unnecegsary restraints on the engine thrust in the
interests of turbine-blade gafety. As an indication of the relative sen-
sitivity of thrust and blade life at rated engine power for a current en-
gine, if the turbine-inlet gas temperature is increased to give a 10-
percent increase in thrust, the stress-rupture life of the blade is de-
creased by 90 percent.

In order to realize more of the capabilities of the engine in the
rated~power region without appreciably reducing the engine life, a
temperature-control signal more accurate than the tail-plpe gas temper-
ature may be required. Steady-state temperature data in the region of
the turbine, including the turbine-blade temperatures, are presented 1n
references 1 and 2. These references, however, do not discuss the prob-
lem from the control viewpoint.

The seriousness of the temperature problem in the rated-power re-
gion is tempered somewhet when the turbine-blade dynamics are consldered.
The mssse of the turbine blade prevents the turbine-blade temperature from
immediately following & change in the surrounding gas temperature. An-
alytical and experimental results in reference 3 show that the response »
of blade temperature to a step in gas temperature approximates very
closely a first-order lag, and the dynamics of the turbine-blade temper-
ature mey be chsracterized by time comstants. These blade dynamics
allow short bursbte of overrated power without overtempersaturing the

(3%
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turbine. References 3 and 4 contain the only previous experimentsl
study of turbine-blade temperature dynamics, but the study was limited
to sea-level data. Before the restrictions on engine gas temperature
during transient operation can be safely relaxed, the varistion of the
blade time constant mist be determined over a range of altitudes at
rated engine robtor speed.

The blade-failure problem in the starting cycle of a turbojet en-
gine results from the repid changes in gas bemperature as the engine is
started and accelerated to the idle engine speed. These rapid changes
may cause turbine-blade damage because of adverse temperature patterns.
The trend has been to assume that a higher gas temperature will result
in better acceleration characteristics from start-to-idle engine speed.
Thig method unfortumately increases the tendency of damage to the tur-
bine blades. It is desirable then to Investligate the engine behavior
in the transient condition from engine start to engine idle.

The gcope of this report covers three phases of the tem;gemture-
control problem in turbojet engines:

(1) The steady-state correlation of gas temperstures with the blade
temperature in the rated-power region

(2) The dynamic~temperature characteristics (time constants) of the
turbine blades at rated power, including both experimental and
calculated resuits

(3) The gas temperature-scceleration characteristics in the start-
ing region.

The data for the rated-power region are taken at two £light speeds
and geveral altitudes, whereass the starting characteristics data are
taken at sea level and zero ram.

APPARATUS
Engine Installstion
The engine from which the data were cbtalned had an axial-type com-
pressor and a single-stage turbine. The engine was mounted in an albti-

tude test tank, and the simulsted flight conditions were varied from
sea-level static to an altitude of 45,000 feet and & Mach number of 0.8.
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Instrumentation

Engine speed and varlious gas and blade temperatures were measured
both in steady-state and transient operation. An Ingtrumentation draw-
ing of the engine (fig. l) indicates the positions of the gas-tempersture
probes.

Ges temperatures. - Two methods were used to measure the gas temper-
atures. One method 1s applicable to steady-state messurements and per-
mits the recording of the temperatures on flight recorderas. The other
method 1s spplicable to transient measurementes and compensates for the
dynamics introduced by the mass of the thermocouple.

The steady-state method was used to meagure the gasg-temperature
distributions at the turbine inlet, turbine outlet, and tail-pipe sta-
tlons. The turbine-inlet and turbine-ocutlet thermocoupleg were in either
single-point or flve-point rakes, asg indicated in figure 1. The tall-
pipe thermocouples were all in single-point rakee. Ten tail-pipe rakes
were distributed circumferentially and the average of these was read.

The temperatures were recorded on a recording potentiometer.

To accurstely measure the tall-pipe gas temperature during engine
transients, the dynamics of the sensing thermocouples bad to be consld-
ered. The tail-pipe gas thermocouples were comstructed with 18-gage
wire (0.040 inch diameter) in order to prevent burnout of the thermo-
couples. At sea-level rated-power condltions, the frequency response
of these thermocouples is flat to less than 1 cycle per second, whereas
for adequate information, it is necessary to read flat to at least 5
cycles per second. With altitude, the frequency response of the ther-
mocouples becomes worse. ’

A compengsation method, similar to that discussed in reference 5,
is necessary in the measurement of transient tell-pipe gas temperature.
The method used in this experimental study is shown in block diasgram form
in figure 2(a). The signal X entering the compensation network is, in

operational form,
X(s) = | L I T (s) (1)
1+ 'r_ch =3

where T,  1s the time constant of the thermocouple. (The symbols used

in this report are defined in appendix A.) If the compensation network
is assumed to have the transfer function

E(s) = E. +'rds] X(s) (2)

431244
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where Tq 18 an adjusteble time constant, and if~ Tg ™ Ty ‘then:

B(s) = T (s) (3)

In practical applications, however, equation (2) is impossible %o use
because the derivative term introduces noise problems. A campromise

must be made of the form
1+ 'rd_S
E(s) = [:l—_rﬁji—sil X(s) (4)

where 7 1is approximately O.1. The compensation then has increased the
frequency response by & factor of ten.

The time constant of the thermocouple will change with the operating
conditions end the compensation network must be adjustable. Rather then
evaluate the thermocouple time constent at all condltions, the actuator
shown in Tigure z(b) 1s used to determine the proper compensation. Ac-
tuating the movable shield from an extended position to the retracted
position shown in figure Z(b] imposes & step incresse in gas temperature
gt the thermocouple. The compensation network is then adjusted to give
a step lncrease in volbtage E. One actuator and five circumferentially
distributed thermocouples were used in this study. The compensabed tail-~-
pipe gas temperature was recorded on & galivanometric ogcillograph. The
galvanometer element used had a frequency response flat to 50 cycles pexr
second. ' :

Turbine-blede temperatures. - The turbine-blade temperatures were
measured by thermocouples which were imbedded in the turbine blades. The
method of mounting the thermocouples in the blades is discussed in ref-
erence 2. The thermocouple leads were extended through the hollow rotor
shaft to slip rings mounbted on the front of the engine.

A steady-state survey was made of the blade temperatures with the
radial array shown in figure 3{a). Two thermocouples were put on each
of three of the turbine blades to obtain the six desired radial loca-
tions. The thermoeouples were locabted &t the midchord position. The
steady-state turbine-blade temperatures were recorded on a recording
potentiometer.

The transient data were taken with the chord-wise turbine-blade
thermocouple srray shown in figure 3(b). The chord section was chosen
to be at the meximum radial temperature location. The dimensions of the
chord-wise thermocouple loeations are given in figure 3(b). Each posi-
tlon was duplicé.ted to allow for thermocouple burnoubt. The esix thermo-
couples were then placed two on each of three turbine blades. The tran-
sient turbine-blade temperatures were recorded on & galvanometric



6 SRR NACA RM E55122

oscillograph. The galvanometer elements used for recording the turbine-
blade temperatures had a frequency response flat to 10 cycles per secomd.

TIwo rakes of the form shown In figure 4 were installed directly be-
hind the turbine blades. The rakes were designed to measure the radis-
tion from the turbine blades. Each rake had three thermocouples; one
rake with the shell-type tips and one rake with the knob-type tips. The
shell-type tips bhad s thermocouple imbedded in a black disk in order to
obtain the maximum radiation sensitivity and this disk was protected by
the shell to minimize the gas-temperature and wall-temperature effects
upon the thermocouple reading. The knob-type tips were designed to meas-
ure & mean temperature, including blade radiatiom.

Only steady-state measurements made with the recording potentiometers
were taken with the radlation probes.

Nozzle-diaphragm blades. - The two nozzle-dlaphragm blades behind
the center of each burner were instrumented with one thermocouple welded
to the leading edge of each blade. The thermocouples were mounted at
the midspan point of the blades. Individual measuremente of the steady- -
state nozzle-diasphragm blade temperatures were made on a recording
potentiometer.

Engine speed. - A 100-tooth tachometer-generstor was mounted on an
engine accessory pad and provided an electrical pulse train indicative of
engine speed. The tachometer output was fed to an electronic counter

which displayed the steady-state engine speed.

The electronic counter also provided a voltage signal from the pulse
train which was recorded on the galvenometric oscillograph to give the
transient-speed signal. The galvanometric element used had a frequency
regponse flat to 20 cycles per second.

PROCEDURE
Steady~State Data
In order to obtain temperature profiles and distrlbutions, stesdy-
state data were taken at the conditions shown in teble I(a). The condi-
tions for each point were set and the following temperatures read on
£light recorders: +turbine inlet, nozzle-diapbragm blades, turblne blades
(redial survey), turbine outlet, and tail-pipe gas temperature.
Trangient Date

Transient dete were teken at the conditions shown in table I(b).
The initial and finsel engine speeds of these transients are also shown.

seee
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In the rated-power region, step increases in fuel flow correspond-
ing to the speed changes shown in the table were supplied by a throttle
plus relief-velve differentisl-pressure regulator assembly as discussed
in reference 6. This fuel valve has a frequency response flat to over
30 cycles per second. At each condition the tail-pipe thermocouple com-
pensator was adjusted, the step inltiated, and the transients recorded
on the oscillograph. Recordings were made of engine speed, turbine-
blade temperatures (chord—wise survey) » nozzle-disphragm blade temper-
atures, and compensated tail-pipe gas temperature.

In obtaining the transient rums from start to idle, the normal
starting procedure for the engine was used. Three starts were recorded;
a8 cold start, a hot start, and & normal start. Engine speed and tail-
pipe ges temperature were recorded on the oscillograph.

RESULTS AND DISCUSSION
Steady-State Temperature Data

In treating the steady-state temperature-gontrol problem, it is
necesgsary firgt to evaluaibe the general temperature distributions through-
out the engine, and second to evaluate and compare, at rated engine speed,
specific gas temperature ag possible control signals.

Data were taken at the steady-state conditions shown in table I(a)
in order to determine the temperature dlstributions at various stations
in the engine. The gas temperstures are plotted as functlions of the dis-
tance fram the outer engine wall. (The location of the thermocouples in
relation to the outside wall are given in fig. 5.) These date are pre-
sented in figure 6.

The blade-temperature contour remains very similar as the operating
conditions are varied, whereas the gas-temperature contours vary consid-
erably as the conditions are varied. Therefore, measurements for at
least three cilrcumferentisl locations at each station were averaged for
each data point presented for the turbine inlet, turbine outlet, nozzle
diaphragm, and tail-pipe gas temperatures.

In order to evaluste various temperatures as possible control sig-
nals, data at actual rated engine speeds using the conditlons shown in
table II were taken. The maximum blade temperature is considered as a
reference or base in evaluating the relstive merits of the various tem-
peratures. Since only one signal is used as the controlling signal and
because the contours of the various temperature curves very with opera-
ting condition, the average temperature value at each station was deter-
mined from the data. The variation of these average temperatures from
the maximum blade temperature was then calculated and is presented in
table II. N



8 L NACA RM ES5L22

The temperature variations of the average temperatures included in .
table II are plotted ag functlions of 5/6 in figure 7. The data for ~
these curves were taken at actual rated engine speed. The data give
fairly smooth curves for the wide range of 8/6 values included in fig-
ure 7. The lower values of 8/6 indicate primarily a high altitude,
end the higher vealues of 5/9 indicate a lower altitude. An increase
in flight speed at a given altitude will increase the value of /6. A
velue of 1.0 for &/6 is obtained at sea-level static conditions.

558¢

The desired characteristic for a temperature-contrcl signal has a
temperature varistion from the maximum blade tempersture that is inde-
rendent of operating conditioms. In figure 7, this characterilstic would
be indicated by & curve independent of 8/, that is, a constant value
of temperature differential. The devistion of the date curves in figure
7 from a constant value may be used as a measure of effectiveness of each
temperature as a temperature-comtrol signal. These curves show that
tall-pipe gas temperature is the best temperature-control signal for
steady-state operation. The tail-pipe gas temperature yields a negatlve
difference of 210° F from the meximum turbine-blade temperature in the
low altitude range. At altitudes above 30,000 feet (5/6 = 0.40), this -
tail-pipe temperature differentisal drops to less than 200° F. The cur-
rent practice of using the tall-pipe gas temperature as a temperature-
control signal is therefore valid. ) -

Turbine-Blade Temperature Dynamics

The megs of the turbine blede prevents the turbine-blade ternpera-
ture from immedlately following a change in the surroumding gas temper-
ature. Analytical and experimental results in reference 3 ghow that
the response of blade temperature to a step in gas temperature very
.closely approximates a firgt-order lag, end the dynamics of the turbine-
blade temperature may be characterized by time constants. These blade
dynemice allow short burst of high gas temperature wlthout overtemper-
aturing the turbine blades. Reference 3 included experimental blade-
temperature-dynamic data, bubt only at sea-level statie conditions. An
extension of the experimental data to a range of altitudes was desired
in this investigation. _ _ :

Experimental data. - Data were taken st the conditions shown in
teble L(b) in order to determine the blade-temperature-dynamic charac-
teristics. The desired frequency responses were obtained by the method
of reference 7. The frequency responses determined were the leading-
edge, midchord, and trailing-edge turbine-blede temperature responses s
relative to the compensated tail-pipe gas temperature, and the campen-
sated tail-pipe gas temperature and engine-speed responses relative to
the fuel flow.
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The responses obtained at an altitude of 7000 feet and at Mach 0.8
for a transient in engine speed from 90 Lo 100 percent of rated are shown
in figure 8. The frequency-response curves for the transient data taken
at the remeinder of the conditions of table I(b) were similar in shape
to the curves of figure 8.

The dynamic responses obtained at all the conditions may be closely
approximated by the followlng transfer functions:

o1
Tg (1 +7ys)

N 1
—

Ve Zl +’tes§
T_g= 1 + bTs
We 1 + T8

The dynemic temperabure characteristics of the turbine blade and
tail-pipe gas temperatures are determined by the blade time constant
Ty, the engine time constant Tg» and the tail-pipe gas temperature-rise

ratio b. From plots similer to those of figure 8, the dynamic charac-
teristics Tys Tes and b were determined for each conditlon investigated.

The dynamic characteristics are plotted as & function of altitude
in figure 9. As shown in these curves, the turbine-blade time constants
and the engine time constant Iincrease with altitude, whereas the tall-
pipe .gas temperature-rise ratio decreases as the altitude increases.

Use in control. - If Ty > b'l:e and if in a transient, the engine

speed never overshoots the final speed, the blade temperature will never
overshoot its final value. This characteristic is of particulsr impor-
tance at the rated engine power condition, where blade overtemperature
can damage the blades. For the engine studied in this report, the ratio
'cb/b‘r:e is greater than unity in the region sbove 8000 feet at Mach

0.8 and rated engine power. In this operating region then, a speed con-
trol which permits no speed overshoot will prevent any overshoot in
turbine-blade temperature and eliminates the need for a separate
temperature-1imiting control.

Analytical development. - The gtudy presented herein will include
the calculation of the £ilm ccefficients for the midchord and trailing-
edge portions of the turbine blade, the calculation of the turbine-blade
temperature dynesmic responses, and the calculations of the varistion of
the dynamic responses with altitude.

.
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Two analytical methods of determining the dynamic response of
turbine-blade temperature to tail-pipe gas temperature were presented ~
in reference 3 and are used in this gtudy. In one method (method A)
only the lag due to the film coefficient is considered, whereas in the
other method (method B) the temperature gredient within the blade is
also considered. For thin cross sectlons, such as turbine blades,
method A and method B yield very similsr resulte. Method A yields di-
rectly a time constant, and the results of method B may be characterized
by a time constant.

SeBE

The calculetions for the film coefficient h for the midchord and
trailing-edge portions of the turbine blade are presented in detail in
appendix B. These calculations are based on informetion given in refer-
ences 4, 8, and 9. A scale drawing of the blade is shown in figure 10,
and the shapes assumed for the portions of the blade used in calcula-
tions are superimposed. The conditions for which the calculations were
made are rated engine speed, an altitude of 7000 feet, and a Mach num-
ber of 0.8. The results of the film-coefficient calculatioms are in-
cluded in table III.

The dynamic responses of the turbine-blade temperature to the tail-
pipe gas temperature were calculated for the midchord and trailing-edge
portions of the turbine blade. These calculations are presented in de- -
tail in sppendix C, and the results of the ealculations included in
table III. No attempt was made to calculate eithexr the £ilm coefficient
or the time constant of the leading-edge portion of the blade because of
insufficient knowledge of the heat-transfer characteristics of this
portion._of the blade. . o

The results of the calculations, in the form of frequency responses,
are pregented in figure 11. Because of the thin turbine blade consid-
ered, methods A and B gives very similar results In the midchord and
trailing-edge regions.

The variations of the turbine-blade time constants with altitude
are calculated in appendix D. The time comstants were found to vary

inversely with Wé? 8, which means the time constants increase &8s the

altitude increases. A curve of (l/w')o as a function of altitude
for the engine investigated is shown In figure 12.

Correlation of experimental and analytical results. - The blade
time-constant calculatlons, summarized in table III were made for a
condition at Mach 0.8, an sltitude of 7000 feet, and at an actual rated 5
engine speed. A comparison of the experimental values with the calcu-
lated valueg is made in table III, and good agreement is obtained.

As developed in gppendix C, the blade time-comstant varistion with
altitude was inversely as wao' . The comparison of the calculated curve
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with the experimentsl dats is made in figure 12. All curves shown were
normelized with the values at 7000 feet used as the base values. Good
agreement is obtalned between the experimental and calculated variations.

Gas Temperature and Acceleration Characteristics
in Starting Region

Transient measurements of several engine starts were taken, and
these records were analyzed to give tail-pipe gas temperature, engine
speed, and engine acceleration. Ges tempersbure ls plotted against en-
gine speed with lines of constant acceleration in figure 13. The plot
shows that at each engline speed there 1s a maximum acceleration. The
path & maximum acceleration transient should take is represented by
the dashed line. Increasing the tail-pipe gas temperature above that
corresponding to the maximm acceleratlon decreases the accelerstion
value at the corresponding engine speed.

Therefore, & maximm acceleration for this engine mey be obtained
over the majority of the start-to-idle speed range with tail-plpe gas
temperatures below 1400° F.

CONCLUDING RFMARKS

A correlation was mede between the maximum blade temperature and
various average gas btemperatures in order to determine an applicsble
steady-state temperature comtrol signal. Ideally, this btemperature sig-
nel would indicate the meximm blade temperasbure at all £light speeds
and altitudes.

The most applicable temperature signael found was the commonly used
tail-pipe gas temperature. For the engine studied, the tail-pipe -gas
temperature gave a constant 210° F differential below the maximum blade
temperature at low altitudes, which decreased to 180° F at high
altitudes.

The dynemic responses of the turbine-blade temperatures to the tail-
pipe gas temperatures at actual rated engine speed were evaluated over a
range of altitudes. For all conditions, the dynamic responses were found
to be essentially first-order lags. For this reason, the blade tempera-
ture dynamic response msy be represented by a characteristic time con-
stant. These blade time constants vary with positlion on the biade, the
leading edge having the shortest time constant, the tralling edge
slightly longer, and the midchord time constant longer than the leading-
edge time constant by a factor of spproximately two.
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The time constants for the trailing edge, and midchord portions of

the turbine blade were calculated and showed good agreement with the n

experimental results.

The time constante increased with an Increase in altitude, and this -
variation correlated very well with a theoretical calculated variation.
The calculated variation Indicated that the blade time constants varied

inversely as wa0.8

For the engine studied, at conditions of an altitude above 8000
feet. and Mach 0.8, at rated engine speed, the turbine-blade time con-
stants were larger than the product of the tail-pipe gas temperature-
rise ratlo and the engine time constant. With this condition, a speed
control that permits no speed overshoot will prevent any overshoot in
turbine-blade temperature and will eliminate the need for a separate
temperature-limiting control.

At each engine speed during the transient from start to idle, there
was & definite maximum acceleration cbtainable. Over the majority of

GS8¢

the start-to-idle speed range 3 this maximum occurred at a tall-pipe gas »

temperature of less than 1400~ F for the engine studied.

Lewls Flight Propulsion laboratory
National Advisory Committee for Aeronsutics
Cleveland, Obio, January 4, 1956
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APPENDIX A

SYMBOLS
wetted area of turbine blade section, sq ft
blade thickness of chord section of turbine blade, in.
tail-pipe gas temperature~rise ratio
constant
specific heat of turbine-blade material, Btu/(1b)(°F)
characteristic dimension, £t

output voltage of tail-pipe gas temperature compensation
network, v )

film coefficient, Btu/(hr)(°F)(ft)
proportionality constant, h/k, in.”t  °
gas conductivity, Btu/(hr)(°F)(ft)

Mach number

engine rotor speed, rpm

Nusselt number

Prandtl numbex

Reynolds number

complex Laplacian operator

temperature, °F or °R

time, sec

volume of turbine-blade sectlion, cu £t

gas velocity, ft/sec

englne air flow, lb/sec



14 J NACA RM ESS5L22

Wp engine fuel flow, lb/sec )

b4 tail-pipe gas temperature signal to compensatlon network, v

a diffusivity of blade material, @%&l '

Y reciprocal -of rise ratio of.compensation network "

& ratio of absolute total pressure at engine inlet to NACA §
standard atmospheric pressure at sea-level static conditions

6 ratio of absolute total temperature at engine inlet to NACA
standard stmospberic temperature at sea-~level statlc condlitions

v kinematic viscosity of gas, sec/sq ft

oh density of turbine blede, lbfcu £t - - - - : S

T turbine~blade time constant for response to tall-pipe gas -
temperature, sec

Ta time constant of campensation network, sec -

Te engine time constant, sec

Tio time constant of tail-pipe gas measuring thermocouples, sec

L) break frequency of first-order lag frequency plots, radians/ sec

w angular frequency, radia.ns/ sec

Subscripts:

b turbine blade

e engine e SR Lo

& tail-plpe gas

i turbine inlet

1 leading edge of turbine blade .

m midchord of turbine blade

n nozzle disphragm >
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sh

Xy

turbine outlet

pressure side of bturbine blade
suction side of turbine blade
shell-type radistion probe
trailing edge of turbine blade

arbitrary altitude condltions
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APPENDIX B

CALCULATION OF FIIM COEFFICYIENTS

In calculating the dynamic responses of turbine-blade temperature
to tall-pipe gas temperature, a determination of the appropriaste value
of the heat-transfer £ilm ccefficlent for each position considered in
the turbine blade is necessary. The £film coefficlents are dependent on
the shape of the blade a.nd the properties of the gas at the condition
being considered. = 7 UmTemo s e

The film coefficients for the midchord and trailing-edge portions
of the blade were cealculated using the method suggested in reference 4.
No attempt was made to calculate elther the £ilm coefficient or the time
constant of the leading-edge portion of the blade because of ingufficient
knowledge of the heat-transfer characteristics of this portion of the
blade.

The gas conditions used in the calculations presented herein are
listed in table IV. The veloclity distribubion determined by the method
of reference 10 is shown in figure 14. The celculations are at actusl
rated engine speed, an altitude of 7000 feet, and Mach 0.8

Midchord Film Coefficient

The midchord thermocouple is considered to be at the midthickness of
a rectangular section which is 1.15 inches from the leading edge of the
blade as shown in figure 10. The calculation for the f1lm coefficient
must be carried out in two parts, one for the suction surface and the
other for the pressire surface.

Suction gurface. - The flow is turbulent and the applicable equation

is:
0 .8Prl/3

Nu = 0.0296(Re) (B1)

D _vp 5
Re = mzi - (l 28)(]_530)(150 X ——gigg) = 31..53(104

k&n ePm, s 1.28 A
Nu hm,s( 72 \o.0451 ) = 25Ty,

Pr = 0.655

‘sges

2
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Solving equation (Bl) gives:
by g = 276 Btu/(br)(°F)(sq £t)

Pressure surface. - The negative velocity gradient for the pressure
surface in the midchord region indicastes turbulent flow and equation (Bl)
is again applicable. In this case:

vo
Re = Dm’i’ = (l 05) (416)( x gﬁg) = 7.0x0%

h_m"E—"E = By, (l 05)(0 3451) = 1940y p

Pr = 0.655
Solving equation (Bl) gives:
by, p = 102.6 Btu/(hr)(°F)(sq £t)

Trailing-Edge Film Coefficient

As shown in figure 10, the trailing-edge thermocouple is considered
to be at the midthickness of & rectangular section which is 2.15 inches
from the leading edge of the blade. The veloclty on the pressure sur-
face in the tralling-edge region 1s approximately 700 feet per second,

" as taken from figure 14. For the calculations presented herein, it will

be assumed that the velocity on the suction surface in the trailing-edge
region is also 700 feet per second, that the flow is turbulent, and that
there is no flow separstion in this region.

The £ilm coefficient may again be obtained from equation (BL).

D,vp 5
Re = — (2 15)(7003(1 6100) = 24.2x10%

m 50 . BT
h. D 2.15 1
Nu = =5 = B{712 \Grozsr) = 9™
Pr = 0.655

and solving equation (Bl) gives:
h, = 128 Btu/(hr)(°F)(sq £t)
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APPENDIX C

CALCULATION OF TURBINE-BLADE TEMPERATURE DYNAMIC RESPONSE

Two methods of determining the dynamic response of turbine-blade
temperature to tall-pipe gas temperature were presented in reference 3.
Both methods involve the physical properties of the bhlade and the film
coefficients. The blade properties are known and the film coefficients
are calculsasted in appendix B.

Method A

Method A assumes that the temperature is equal throughout the blade
and that the heat flow is proportional to the difference In temperature
between the gas and the turbine blaede. The. general form of the dynamic
response of the blade temperature, using Method A, is (from ref. 3)

V, p.C_ AT
bPb b
2Dp by -

(c1)

As this equation is a first-order differentisl equation, it can be char
acterized by a time constant which is defined as

v.p.C
T, A Pbp _ _ (c2)
hyAy,

As discussed in reference 3, equation (Cl) may be converted to the fre-
quency domain by Laplacian transform methods and yields

Tp 1

_'f;: (1 + ian'bi (c3)

The plots of figure 11 are frequency response plots of equation (c3),
where T, is the blade time constant determined from Method A.

Midchord. ~ The midchord is considered to be a rectangular section

(fig. 10). The calculation of the midchord time constant is (consider-
ing h, a8 the average of the pressure and suction surface value)

IEIN Y

868¢
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which gives as a f£inel resgult
Ty = 7 .06 seconds

Irailing edge. - The trailing edge is also considered to be a rec-
tengular section (fig. 10). The calculation of the tralling-edge time

constant is
Ty = (X—;E -}h;)(pbcpj = <°é—26)(l—32'§ (59.4) (cs)

which gives as & final result

Ty = 4.17 seconds

Method B

This method 1s the more rigorous because the temperature gradient
in the turbine blade is considered. The solution for the rectangular
shaped midchord and trailing-edge portions of the turbine blade is de-
veloped in reference 3 from the heat-transfer equation

o
1 7
var, = % (cs)
and appropriste boundary conditions. The solubtion is
T
Fb' - 2 (c7)
g £aljém sinh (_:Cazmim) + cosh (JCE'ZQ’@)
Each term of the dencminator may be represented in series form as
3
zzim 8-/ 1 -~/ im a-\Zicn 1 a:Zim L.
aKSinh(Za, )=ﬁ{(m)+35(2@ + (cs)
o 4
a~/im 1 [e+fi 1 (a+/io
COSh(Za, )=l+2!(2u,)+1—£(2a.)"_'"' (c9)

Since the frequency @ Iis considerably less then unity in the region
of interest, only the ® and o2 terms will be considered. This gives
then, for the dynamic response of turbine-blade temperature to the tail-

pipe gas temperature
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Ty

" l*“”{ax 2@ 2 }*“’{ "zli(';&)é}

The «® term is & second-order effect, and from egquation (C10)

k()< (E) @)

The time constant of Method A, in the same units, is

(c10)

1 a
T 50 e e C
b = % ( Za) (c12)
and Method B, as expected, increases the time constant, approximately
2
by the term -]21 (-2%) . This term is a property of the blade only and re-

sultg from the consideration of the temperature gradient with the blade.
As the thickness & becomes very small, the two methods will yield the
same answer.

Midchord. - The values for the midchord section which are substi-
tuted into equation (Cl0) are

k
= = 0.0934 in.
@ ‘\ ’Cppb /~/eec
-1

K= I-in = 1.22 in.
k
5_2.‘111 = 0.075 in.

The solution of equation (C10) for the midchord section is plotted in
figure 11(a), and a time constant of 7.25 seconds is obtained.

Trailing edge. - The values for the trailing-edge section which
are substituted into equation (C10) are

,‘, K
= = 0.093¢ in./+/
(o cppb / sec

558¢
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K = % = 0.826 in."%

%’“ = 0.03 in.

The solution of equation (ClO) for the trailing-edge section is plotted
on figure ll('b), and a time constant of 4.17 seconds l1ls obtained.
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APPENDIX D

CALCULATION OF DYNAMIC RESPONSE VARIATION WITH ALTITUDE -

The time constants for the leading-edge, midchord, and trailing-
edge portions of the turbine blade are dependent upon the physlcal prop-
erties of the blade and the £ilm coefficient between the blade and the

gas stream. Since only the f£ilm coefficlent varies with altitude, the o
relation o
n
1
Tp<§ (p1)
may be used in determining altitude effects upon the blade time constent.
All three portions of the blade considered had turbulent flow, and the
general equation
Mo = C(Re)?*® (D2)
will hold in the range of Reynolds number encountered. Equation (DZ) )
may be rewritten:
0.8 "
(Nu),  Cy(Rey)
. 0.8 (03)
y CylRe)
vhere x and y are two altitude conditions. The constents C; and
C, are equal, and expanding equation (3) gives
0.8 0.8
h, Dy EZ - VP Dy Hy (D4)
=)&)\ Ty
Assuming a constant turbine-inlet temperature
v c.8 4 0.8
e 3 Tx-?-’-‘ = | 22X (p5)
tﬁ’ ZYPY Wa,y
which in terms of the blade time constants is
< o, 0.8 a
X o[ BaX (pe)
T \J
8,y -
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TABLE I. - PERFORMANCE CONDITIONS

(a) Steady state

Altitude,| Mach |Engine | Engine- Engine-

't number | speed, inlet inlet
percent|pressure, | temperature,

1b/sq ft °R
7,000 0.5 100 1935 519
.8 100 2490 557
15,000 0.8 100 1821 525
25,000 0.5 100 931 451
.8 100 1197 485
30,000 0.5 100 745 432
.8 100 958 464
45,000 0.5 100 365 | 411
.8 100 470 442

(b) Trensient

Altitude, | Mach Engine
ft numbey speed,
percent
Sea level 0 Start to idle
7,000 .8 90-100
15,000 .8 90-~-100
25,000 .8 $0-100
45,000 .8 90-100

"GG8N



TABELE IX. - STEADY-ZTATE TEMPERATURE DISTRIBUTIONS AT VARIOUS OPERATING

CONDITIONE AT RATED ENGINE SPEED

2855

Altitude,| Mach | Inlet Inlet /6 | Maxtmm Ty - T, |T, - T[Ty = Tyol To = T Tg - Tpo| Ty - Tp
£t nuriber| pressure, | temperature, blade op op op of oF —Z -7,

1b/sq £t OR temperature, | op

Tyt

°p
7,000 0.5 1938 519 0,917 1425 255 155 ~-140 ~165 _-—— 45
.8 2490 557 1.095 1415 225 120 =135 ~180 =220 23
15,000 0.8 1821 925 0.8500 1415 27 150 =125 ~166 -205 55
25,000 0.5 951 451 0.508| 1420 290 170 ~35 =160 —r— 85
.8 1157 485 L8050 1400 295 172 ~110 -160 -205 67
30,000 0.5 745 432 0.42 1425 250 185 =105 =160 ~205 56
.8 958 464 505 1400 280 170 -390 -156 -195 62
45,000 0.5 365 411 0.219 1480 255 160 =70 135 -175 80
.8 470 470 2 1395 275 165 =70 =155 -200 80

22’ I6SH WY VOVH
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TAELE TII. - EXPERIMENTAL AND CALCULATED TURBINE DYNAMIC CHARACTERISTICS. ALTITUDE,

7000 FEET; MACH NUMBER, 0.8; PERCENT RATED ENGINE SPEED, 90 TO 100

Blade |Experimental |Calculated time constant, Calculated film

section |time constant, Tp? coefficlent,
ML sec by,
: o
sec Method A | Method B Btu/ (br) (°F) (£1)
Leading 5.25 —— = | —————
edge
Midchord 6.70 7.06 7.25 Pressure gurface, 102.4
Suctlon surface, 276
Tralling 3.50 4.17 4,17 128
edge .

a2
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Station

4

TABLE IV. - GAS CONDITIONS USED FOR CALCULATTIORS

[Altitude, 7000 feet.]

Engine|Station|Station| Relative to
inlet 4 4a turbine blades
Mach number 0.8 |==me—- 1.0 0.68
Total pressure, 2490 (11,580 [11,580 8320
1b/sq Tt
Static pressure, ———— e ——— 8100 6100
1v/sq £t
Total temperature, °R — 2160 2160 1965
Static temperature, °R| ---- | —-=- 1800 1800
Velocity, ft/sec ——— | —-— 2050 1395

27



82

Station 4 5 9

L_ 000860005 3 l
000000000 7,

Turbine blsdes

———, /‘l : EA 3A
0Cc0000000 1,
Immm‘lfl 1
Nozzle-diephragm blades

(8) Cross section of englne. (b) Burner section.
Turbine outlet (station 5)  Turbine inlet (station 4) Tall pipe (station 9) Nozzle diaphragm
Three 5-polnt thermocouple  ThAree 5-point thermocouple Bteady state - 10 single  Twad ileeding—edge
rekes (1A, &A, 64) rakes (1A, 4A, BA) thermocouples in ring thermocouples
Two radiation thermoccuple Four l-polnt thermocouple Transient - 5 compensated behind each
probes (24, 7A) rekes (2A, 3A, 54, 7A) thermocouples in ring. combustor.

Figure 1. - Instrumentation drawing.

2218S8H WH VDVN
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Compensation

network B Amplifier Recorder

X

Ezzj I
Pneumatic actuator and
tell-plpe thermocouple

|
-t |
<71

1
< _ 1

(a) Compensated ges-tempersture block diagram.

Actuating pressure

Fixed thermocouple »

(b) Pneumatic-actuated shield assembly.

Flgure 2. ~ Apparatus used to compeneate for lag of
tall-pipe thermocouples.

3855
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(a) Radial blade
thermocouples.

) NACA RM E55L.22

X Thermocouple location

Section A-A
Midchord
-’-{..\
1 . 15“ l . 00"
Leading
edge Trailin.s

edge

(b) Chordwise turbine-blade
thermocouples.

Flgure 3. - Location of both spsnwise and chordwlse thermo-
couples on turblne blade.
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Direction of
rotation

Wg ——

Top view

Thermocouple leads

AR
Side view “‘\\'\‘{\\‘\} @
N N
N
N
N
N
N
3 > = @
W | />— Knob-type or
BN [ shell-type
§ tips Shell
N
N
Purbine N (b) Types of probe
blade § tips used.

(2) Location.

Figure 4. - Radliation probes.
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Outside
wall

{a) Turbine inlet and outlet
thermocouple rakes.

b ]
]

i———* 1.752.

3.00

*

Y
A

(c) Shell-type radiation
probe.

Cutslide
wall

.. NACA RM ESSL22

Qutside
wall

{(b) Knob-type radiation
probe.

Outside wall

x Ny

X

1.65
4 Ix

2.15
+ X '
2.65
X
3,30
b X
: ”

{d) Radial location of turbine-
blade thermocouples.

Flgure 5. - Distance from cutslde wall for various

thermocouples.

(A1l dimensions in inches.)
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Temperature, °F

NACA RM E55L22 G 33
(o] Turbine inlet, Ti
a Turbine outlet, To
o Turbine blades, Ty
b Average of turbline inlet
T:I. + To
and outlet,
7 Rozzle diaphragm, Ty
[N Shell-type radiation probe, Ten
A Knob-type radiastion probe
A Average tail pipe, Tg
1800
e —-“J
/ \0
1600 J‘J
7 $‘
¢ L \‘
1400 — 2
[ —~
] J© [~
— T
e ——— T
— A
[J/ I A
1200 ~
T~
1000
.5 1.0 1.5 2.0 2.5 3.0 3.5

Distance from outside well, in.

(a) Altitude, 7000 feet.

Figure 6. - Steady-state temperature distribution. Mach number, 0.8;

rated engine speed.
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°F

Temperature,

e NACA RM ES55L22

Turbine inlet, Ty

Turbine outlet, T,
Turbine blades, Ty

Average of turbine inlet
---------——-———«—--T:L + Ta

and outlet, —=3—
Nozzle dlaphragm, T,

Shell-type radiation probe, Tsh
Knob-type radiation probe

‘v O o

Mg a

J

0o
~

1600

\
j
/

x
f

1400 — 3% —— e
|t [T ~
A —T1 F:E;:fx
\\\\‘\\\‘ "‘~\\\~‘
1200 o
‘F \\\\\\
1000 - .
.5 1.0 1.5 2.0 .. 2,5 3.0 3.5

Distance from outside wall, in.
(p) Altitude, 25,000 feet.

Figure 6. -~ Continued. Steady-state temperature distribution. Mach number,
0.8; reated engine speed.
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Temperature, F

35

NACA RM ES55L22 SRR
(o} Turbine inlet, Ty
u} Turbine outlet, T,
¢ Turbine blades, T
|4 Average of turblne inlet
+ T
and outlet, — 3
v Nozzle dilaphragm, T,
[\ Shell-type radiation probe, Tgy
a Knob-type radietion probe
A Averege tell pipe, Tg
1800
0/
1600
— —
|
\
sm— N A S— %
1400 \\0\
E \\ \A
L
1200 N
100?5 1.0 1.5 2.0 2.5 3.0

Distance from outside well, in.

(c) Altitude, 45,000 feet.

Figure 6. - Concluded. Steedy-state tempersture distribution.

0.8; rated engine speed.

Mach number,



Temperature differentiel, %

300 -<>""‘ [ 0“—__
. O)l D~ i(emperatuzr variiation
P~ Ty -~ Ty
200 :
___ﬂ.A-‘—“ s} I
100 Ta - T
h b
— Q _-“"‘---...(_']__‘*)\
Tj_ + TQ
\\(1\ - . T,b
0
\V{
-10G e v 7
—— ]
A
\D‘E‘ M'_‘Z“V‘ﬁL Tg - Ty
o—H——{ I
<l ) Tol - Iy
200 o S < -
; p Tg = Ty
-300 .2 ! 6 .8 1.0 1.2
a/o

Pigure 7. - Steady-~state temperature levels as functione of gpersting conditioms.
Rated englne apeed. .
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Amplitude ratio, nondimensiocnalized

3855

2

| |

8, = 0.30 _

% = 1fg; = 3.3
1 o--1-0—0 Or 1%} !

g 9 3\0\ o) Anslyzed data

0\0\! Theareticel first-order lag
7 A
4

_1 AN

<

07

Frequency, o, redians/sec
(s} Amplitude plot of ratioc of leading-edge blade tempersture to tall-pipe tempsrature.

Figure 8. - Fraquency enalysis of englne responses to a step in fuel flow. Altitude, 7000 feet) Mach
number, 0.8; percent rated engine speed, 80 to 100.

Q0L .02 Od 07 .10 «20 40 «70 1 2 4
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Phase angle, deg

0
\TNW
m o) Analyzed data
Theoretical first-order leg
(\

[o 1R N

-20 )
97, = (.30
“ A
o]

o ™\

~80

-100
.01 .02 04 .07 .10 +20 -40 .70 1 a

Frequency, o, radians/sec
(b) Phase angle plot of retio of leading-edge-blade temperature to tall-pipe gas temperature,

Figure 8, ~ Continued. Frequency analyslis of engine responses to s etep in fuel flow. Altitude,
7000 feet; Mach number, (,8; percent rated englne speed, 90 to 100.
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Amplitude ratio, nondimensionallzed

- 3855

i |
Qm = (0,154
T, = 1/5;;m a 6.5
|
ISR PN S |
o Bt o Analyzed dats
O o~ | Theoretical first-order leg
IT \
0
ot AN
.2 N
\(\o
'1
o\
Q7
0l 08 04 L7 W0 +20 40 70 1 2

Frequency, o, radiana/sec

(¢) Amplitude plot of ratio of midchord blade temperature to tail-pipe-gas temperature,

Figure 8. - Contimned., Freguency anelysis of englpne responses to & step in fuel flow.

feet; Mach mumber, 0.8; percent rated engine speed, 80 to 100,

Mtitude, 7000
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Fhase angle, deg

0
R O  Auelyzed dsts
o Theorstical first-order lag
-20 b\\
\\ o = 0.154
Km
40 ]

0L .02 0L 07 .10 «20 40 .70 1
Frequency, ®, radisns/sec

(d) Phase-angle plot of ratlo of midchord -blade temperature to tail-pipe ges temp

Figure B. ~ Continued. Fregnency analysis of engine responsee to & step in fuel flow.
feet; Mach number, (.83 percent rsted engine epeed, 90 to 100,

erature.

Altitude, 7000
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Amplitude retio, norndimesnsionslized
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4

CH-8
] 1 . y ¥
2
1 -ty ¥at c oaln 0D Fa ah ral i
Theoreticael first-order lag
; I
- 0.208 O
= 1/, = 3.48
IL ‘
0
o) \
Iz \
o
-1 \
.07
.01 .02 04 07 .10 20 A0 .70 1 2

(=) Amplitude plot of ratlo of trailing-edge blade temperature to tall-pipe gas temperature,

Figure 8. - Continued.

Frequency, m, radians/pec

feet; Mach mumber, 0.8; percent rated englne speed, 30 to 100.

Frequency analysis of englpe responses to & step in fuel flow.

Altitude, 7000
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Phase angle, deg

0
s ¢ W
9 o
N O  Analyzed data
\O Theoretical firet-order lag
0
N
-20 o]
P Nl
o
R = 0.296\
~60
<\(
() \
-80 o] \\
-100
0L .02 .04 .07 .10 .20 40 .70 1 2

Frequency, ®, radians/sec

(f) Phase angle plot of ratioc of trailling-edge blade temperature to teil-pipe gas temperature.

Figure 8. - Contimued. Frequency analysis of engine responses to & step in fuel flow.

Mach number, 0.8; percent rated engine speed, 90 to 100.

Altitude, 7000 feet;

v
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Anmplitude ratlo, nondimensionallezed

: 2
) Analyzed dats, =
Theoretical first-order lag a
| 3
o]
T
I
2, = 0.430
Te = 1/g, = 2. b
4 LY
.2 AN
'l
IOT
01 .02 .04 07 10 .20 AQ 70 1 2 4

Frequency, o, radians/sec
(g) Amplitude plot of ratio of engine speed to engine fuel flow.

Pigure 8. - Contimued. Prequency analysis ¢f engine raesponees to a step in fuel flow. Altitude, 7000 feet;
Mach number, 0.8; percent rated engine speed, 90 to 100. .
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Phase angle, deg
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\O o Anglyzed data
\ ==~ Theoretical first-order lag
=20 <0
0
0
ol
; [l
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- ~
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1005 .02 .04 .07 .10 .20 .40 70 1 2 4

Frequency, m, raﬂia.ns/aec
(h) Phaese-angle plot of .ratlc of engine speed to engline fuel flow.

Figure 8. - Concluded., Frejuency analysis of engine respomses to a step in fuel flow, Altitude, 7000 feet;
Mech number, 0.8; percent rated englne speed, 90 to 100.
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Turbine-blade and engine time constants, sec
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Figure 9. - Variation of trensient characteristics with eltitude. Mach number,
0.8; percent rated engine speed, 90 to 100.
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Figure 10. - Cross section of turbine blade at spanwise location considered
in enalysis of turbine-blede tempersture dynemics. Shaded arees indicate
ereas coneidered in calculations.
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.07
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Frequency, w, radians/sec
(a) Amplitude plot of ratic of widchord blade tempsrature to tail-pipe gas temperature,
Figure 1l. - Calculat=d dynsmic responses of turbine-blede temperatures. Altitude, 7000 feet; Mach number, 0.8; rated

engine speed.
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Phase angle, deg
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4

W
-80 ~ ~~] Method A
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N ——— ]
Method D\
-100 S
-120
.01 .10 1 10

Frequency, , redians/sec
(b) Phase plot of ratio of midchord blade temperature to tail-pipe gas temperature.

Figure 11. - Continued. Calculated dynamic responses of turbine-blade temperatures. Altitude, 7000 feet; Mach number, 0.%;
rated engine speed. .
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(c) Amplitude plot of ratio of trailing-edge blsde tempersture to tail.pipe gas temperature.

Flgure 11. - Contlnued. Calculated dynsmic responses of turbine-blede temparatures. Altituds, 7000 feet; Mach muber, 0.8;
rated epgine ppeed. .
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